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Abstract

In response to the slow startup and limited nitrogen removal efficiency caused by a single sulfur
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source in autotrophic denitrification, a composite sulfur source autotrophic denitrification system
was developed by coupling iron sulfide mineral autotrophic denitrification with sulfur autotrophic
denitrification. Batch experiments were conducted to investigate the denitrification performance
of the composite sulfur source autotrophic denitrification system with different ratios of iron sul-

fide mineral to sulfur under varying hydraulic retention times (HRT)and nitrate ( NO; Jconcentra-

tions. The results showed that, compared to using a single sulfur source, the denitrification perfor-
mance was more pronounced with a sulfur source ratio of 1:1 (iron sulfide mineral to sulfur). At an
HRT of 4 hours and influent nitrate concentrations of 10 mg/L, 20 mg/L, 30 mg/L, and 40 mg/L, the
average nitrate removal efficiencies of the autotrophic system with a 1:1 sulfur source ratio reached
92.6%, 92.5%, 90.5%, and 80.7%, respectively. The dominant functional bacteria were identified
as norank_f_PHOS-HE36 and Ferritrophicum.
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1. 5|

B TV bR A, KA R E TR A BT R (1] T 3R E TS KK CIN K BURE A, i
TR, LGRS T E T EAIMBIN A PURIR, AR s 7 IsfT A, AR HRE
DU, EATREIE BRI RIS 3[2]. BRI, BRI TE T AN NA HUBRIER . B E 4R K
A TGP RARIPRL, BT KB R SV BT ST [3]. Herb, B A R SRR LA AL B R
AACRIKEA ) T AN AT 5

it E IR IR AL T, R RER B R R IR T, FIRTENURRIR, LR BRI BRAL A A
P, RS KR NOGN VE A HL T AR IR N, » S5 3 RAF I RCR 4] s SO AE A — AR Xt
BROTEAL 7= i, etainis F TR0 R K IO BR 1 77 SO AR B IR BBk b [5]. (EE, SO M g —A
FARRIIEAE, 8 1A TE B IR SO AL R T B TEHLRRIR LA R AR T8 B TR SO AT AR B, — e 1A T ZA
AP FEE R ARSIV BR (R A A e agEESesESE) [6], Hrhiz ) iz L
e BRI AT K AT B IR AL R R BRI T2 HAb S S b7 A2 SR R (7]

55° +6NO; +2H,0 — 5507 +3N, T +4H" (1)
H* +CaCO, — Ca®* + HCO; )
3Ca*" +2PO; — Ca,(PO,), ¥ 3)

A%, BFFERIL Ca, (PO,), B EETTNE pH 2 12, FEBLH IR AL R ok AL 3], BRUEBR ) T 44
AR ER AL BR8], BB (EE M N FeS,)ME NG R EFHN 2 —, NEEN S5, Aol
FRRAAAR R PR AER A b, BRI R AT R, AR 52 B SR R 2 1) G

Ruihua Li Z[91JF & T B E 98 SORALIENE, 76 HRT N 24 H I, XA 2% K IR s R i R
EhRBRFIAT] T 91%A 87%, SEIL T [P M A BRTE, (HiE HRT 0K, B pijashitg s s s s v
[10]:
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2FeS, + 6NO; +4H,0 — 4502 +3N, + 2Fe(OH), + 2H' @)

B0 BRI B IR AL R S AL, EUK I E I R, DR B A BRI R A, A S 5
FEPRFUBRERY IR 2 5 B IR SR AN HRT AR SRR P 26 AF 1 BB SR fE

2. IWHMB SR
2.1. SEIGHHR

KHRAR 2 mm~3 mm IBREAT, BRBERIE N 2 mm~4 mm, FH 10%00 3R EIR I 24 H,  ZBRR T 4
W, RIEHEBETKREMYE, Rl R rEnr, ERETT esCh et TE, HERA.

2.2, RIS EMTR

I ACR AN TTHCK,  BIFE E SR I — R B ) KNO, . KH,PO,. NaHCO,. ZEHFH/K pH
N 7.9~8.4, TPIRE R 2mg/L, 4 AT REER hyk =8 10 mg/L. 20 mg/L. 30 mg/L. 40 mg/L. SEE5E
HE PG pas S s K IR, SR A% RIS E T 100 L BkWE, InZEsyle i, e
R BIEW, Bomziih, YL 60 X, 2558 KNO, , 2.16 g/L; KH,PO,, 0.115 g/L ; NaHCO,,
1.25g/L; Na,S,0,, 45g/L; Na,SO,, 0.06 g/L.

23 XWRESHE

1% HH 500 ml PR, #E7KRH 100 Lpve 7KAf, AMEFHEOGORIRIREZE, WETBNINEE, (iR 4E
FEPE30C £ 1°C. REJMA S IIMNIRE MG 1:00 2:10 111, 12, 0:1 IR 5, fn's
SMAO. @ @ @, ®, WHEHER 50 ml YGRS YE, RiE 48 H 3 THM, HEMEEE, M%)
RHENIRHS, WAEE AN TS K, ARG PR R . B0 24 H HUFE, 22 0.4 um JEkid )k
JE X KFE A AR AT I, FEENEFRAR S TR 1.

Table 1. Main measurement indicators and methods
= 1. EERNNEERSHE

(=13 W s& J5 ¥k

SO IR R

pH i 485 QR RE R TH I
NO; - N AN IO
NO, - N N-(1-Z58)- 2 s e ek
NH; —N Yy TR e EE

TP R R EEVE

TN B S B R Y A b o e

3. BZRE 5

3.1 HRT WEUXF B FEROF N
3.1.1 HRT ST pH BRI

ASZIHIRAT HRT 96 H, I NO; W EEHy 20 mg/L, TP WKEEH 2 mo/L. 7555 =K pTh 8 a0
SR E B IR AR R, WK LT UE H, EYIIRRTEL 2 HRT 6 H B, ARECT He el B
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Figure 1. Changes in pH of inlet and outlet water at each stage
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Figure 2. NO; removal rate at each stage
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TR 5EEE AT R, B IRER TR R AR, X S 8T B A AN
et AN . i 2, BEE HRT RIZHECN, i mVEREEIZHT FRE. /£ HRT 24 6 H %1+ T NO; 1)
FFRFRILF T 69.31%, 83.63%, 88.1%, 84.46%, 92.26%, BRAkH %)y 0:1 I B R BT .
FEZEAA % HRT Bk fE s, xF5 0:1 A ECIE, 2 HRT v 1 H I, NO; ERRFALN 43.93%,
KT PR AEDUAS HRT BB, BRERT BRAE Y 1:1 1B SRR S -7 2 B %00 51N 88.1%, 92.51%,
62.65%, 57.51%, T FHKF.

3.1.3. HRT TxFF SO; KM

sl 3, ERBIYI, BT ERRR B IR A B TR, EASAERIAE HRT 4 6 H B, HKI
SO Wk ERF, ALK H /K SOF I E 47 A 143.8 mg/L, 170 mg/L, 160.5mg/L, 137.5mg/L, 141.3
mg/L. BEFE HRT FII/DN, S04 HKEI SOZ PR BEIZHTFAAE, 24 HRT F£% 1 H i, H/K SO0 ik
R ZE 36.3mg/L, 44.8mg/L, 70mg/L, 57.8mg/L, 57.5mg/L. M JREMT, —RBEky 5miEA
FRRAAR R TAEY AN S AR, 455 HRT 3R RICER o Bhh, A EATS, Wb T
SOF MG /& HRT Mgk & sy, Dbl nl G <R 5 S Ay, SERRMEAL
RS2 ENHIGS, AMBEAK T SO5 HIA: e
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Figure 3. Changes in SO? at each stage
E 3. & ELSO* HIEE ik

3.1.4. HRT TXF TP BN

BeBHEK TPIKFERN 2 mg/L, W& 4, EFFEME, HRT Jv 6 H &4k R KB = T3k K, BE
# HRT f98/b, HoK TPZWFEK. & i TG B 75 AL B AL T1&E N, 30 T P 22 sl
AR Ak, 5B ST A0 B A A A B RE I SR, By TR R B[ 1] R T Al R A R, R AE R,
TEJG A T8 B 7R O R e e, SR RNIRBEE . BER N B R VR, R R A R Il
AIEYEREAE A0 PN, JIAB) T RBR TP MRUR[12]. X FEmdn ek R, wiE 5, pEEmREk
WL BIFEAR, Fe BT I8 BAEIRHIFK, 1EED4E5 HRT RN, SNk B ERD, R NAE
G, FE Fe BT AR REAE D o (HR BRI B R T AR A R, Bk L (Fe:P) EHAI AR 1) 0.42,
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Figure 4. Change in TP at stages
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Figure 5. Change in Fe at stages
5. ZMER Fe 1L

B ERSEES v 1, 7E NO; BN 20 mg/L, TP KA 2 mo/L %44 T, BdE HRT Bb, HisK pH
Wb TMXF TP, TSI S G RERR, SEHK TP & TRbK, B SR i, TP iy
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Bl F

B W R .
FETLAX IS N, AR R OVAIBRERD N, X1 pH RIFRRFEI i/ . MIAEBR R AR 1:1 4
R, NO; ERREBCREAF, JEHAR I SOT HAERNE, L4 Tk, 2 HRT N 4H K, BARBRE .

3.2. NO; KRBT TFEHFERMNTIT

3.2.1. NO; ZE{Lxt pH BRI

BT IR SEEG A IR, ARBY Bk SR NO, IR EEAZ (s T B IR0 R AUFEM . <] 6, SEBTBLIIAI4E NO;
910 mg/L, V% TP IRE Ny 20 mg/L, HRT A 4H, 4ffk R &R E 30°C £1°C, Bi% NO, IKIE T
s HIRER RS T pH BB ARFE BT . X Ul I R B TR, S SO AL A e, S BUA R
AR BT IR e IR JEN No, AR (] P20 AR 2 (1 NO3), ER Bl R SR R HY, iR RA pH R
B o o — 5T 24 NOg MR FEId i, A4 R (BRI LG A1) 2 AR R a2, 3 af 5 SRR A I R 1) vl - AR I A 2
WO T R RRIBAR, WIMTE— PRGN pH . DRI AE AL PR NOG WK FE RIS 7K IR, REIZ0E 24 19 AN
WRIERl, LA AR R HY, DLYERREAR R R BT 16 .

—m—fRK—e—1: 0—2—2: 1I—v—1: 1—o—1: 2—+—0: |
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Figure 6. Changes in pH of inlet and outlet water at each stage

6. B ERHEHIK pH BIZE(L

3.2.2. NO; T B R REAOR I

wnls 7, {8 NO WKy 10 mg/L I, T LERF 27100 63.2%. 91.1%. 91.9%. 70.3%. 88.4%.
BT BN 101 B, RBRERE R, R NO, IR E 2 40 mg/L B, 44 R AR L BRI H PR,
SAER]T 39.1%. 60.7%. 76.6%- 47.3%. 67.1%, 1:1 415M %M E . XEENTZE R KR
SR, AR EE ) NO; REWS {34 2 A R #h VR B SR IR (V) A SR IA B 1 sh A P47, SRR AR
(1 Fes* St A= i HOR BV EIER, &2 pH BIEH, (EARRK pH 4R EREY A KIIE B
FEI[13]. &P 5w NO; I, L~ A& TE 20 2 SR BERR R 25 138 SR 2K, R IR SR B0 40k B, 3 4h,
HR RN R R A B P AR R, TE— B RN R 4 i [13] . AT LABEE NO, T, Bk
N TN R
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Figure 7. NO; removal rate at each stage
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Figure 8. Changes in SO? at each stage
E 8. &ELSOr MEE{L

MRAER F 77 R R N AZ O 5 FER(L.1S + 1L.ONO; +0.76H,0 +0.4C0, + 0.08NH; —0.08CsH702N +
0.5Nz+ 1.1SO; +1.28H")uJ %I, FHit FAFH#E 1 mol MR Eh A &4 K 1.1 mol [MBRERIR[14], Kk, 7F
R 782 ~ UAEDIEPEIE R IS 0L R, $3RTT B R o W AR B AR A il i . &) 8, FEHE/K B &N 10 mg/L
i, %4r4ltK SOF A 58.3mg/L. 743 mg/L. 81.8 mg/L. 63.8 mg/L 1 78 mg/L, L #2055 (7 Al
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Bl F

FREh R 0N 6.32 mg/L. 9.11 mg/L. 9.19 mg/L. 7.03 mg/L. 8.84 mg/L, WM&k Z:FhE SHRMMRA
B (R EE AR EE 4y 0 1:5.95, 1:5.27, 1:5.74. 1:5.86. 1:5.70, K& IETFE 40 mg/L B, /K SO B3
Tt Rl TEE 98.5mg/L. 120.6 mg/L. 181.8mg/L. 110.9mg/L A1 141.6 mg/L, M &-2H 5 ()7 2l
FREh 707 15.64 mg/L. 24.28 mg/L. 30.64 mg/L. 18.92 mg/L. 26.84 mg/L FMES £h 245 B SR
AL R BE R L2 il 1:4.07. 1:3.21. 1:3.83. 1:3.78. 1:3.41, FETFREIKEEREUSE KB 2 A () LL
B, FEHHRERE. SO M P4 S NO; I EFRFMIELL, RIEARENXR, A EWAILH A
Fr A 5855 o

3.2.4. NO; ZE{Lxt TP K%M

—m— i K—e—1:0—4—21—v—1:] 12—« 0:]

25
10mg/L

20+
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|
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Figure 9. Change in TP at stages
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Figure 10. Change in Fe at stages
B 10. ZMEL Fe FOZEML
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k9, FERIIGHTBL AR ERR LB, SAH A R 2 RUBR E R AR, IR B Fe®
WIRET A LBt () 2 E e A, A IR B DT, X T2l ih &, th T R ER AR, e EY
TR N IR R R ERR . BLAh, TSR iR R, Wkl 10, 75 A VG A ST IR IR A
A AT Fe BT AR, (HRAREN R, i Fe B4R, TN FeP T4 0.48. 043,
0.45. 0.49 [#{’y 0.45. 0.38. 0.36. 0.29, | VAR ERMIA K, MR ERIK R T, PREX KA
R PEB e ST 2 0SB F A A A O 1 B2 AR EAT SRl A S L, W T4 i) SR T DR B A2 [15]
WEILFEERTT, SECTP EERF DA 2D IZHRD S

3.3. WEMEREHST

AP BT S5 K T DL AN [R] 43 2KF T B 3816 R TP E YRR R AR 5, X RGuhRe i B
HEZER X mE 11 JUEE, TP F R m I 4 AN 50228 TR B T (Pseudomonadota) . 15
FFE I 1(Ignavibacteriota). #7254 ](Chloroflexota). # Mt fifiAT 1 1 1(Thermodesulfobacteriota), - i f i il
AW R 36.05%. 33.28%. 10.34%F1 7.42%, X 4 N1 ANG SRR AEY) SR 87.09%. AWK
B, ST T IANEAT 1 100 =F B2 Re 8 8 U I B 7 SO A I U8R [16]. Forb, 4DUFF 14 1] (Bacteroidota)
P& — B EMARHH LS5 2 A R RS, FEEN 2.74%.

I 12 ol A, R 3 2R 0 R i B 77 K 46 3 & (norank_f__ PHOS-HE36) . kS L1 J&
(Ferritrophicum). 4T 1 J& (Thiobacillus). K441 J& (Anaerolineaceae). fil #h ik Ji 14 J& (Desulfatirhab-
dium) 213115 J& (Rhodocyclaceae), F B b i il 2E 4 4 1 L A9 43 74 33.11%. 12.69%- 11.61%. 5.56%.
5.33%11 3.55%. i F 77 S Al A4 1 a8 5 A B Jee AR 3= B2 o b s, 7RI B 9RO AR R b S A AR A,
MEEA R B R AT B IR A EE D R f g, XRMERBLAE T, MAFRRMEANES, AR
SO S %, P I RIVER . KA 4R R A2 Fe (DRI PR A, = B 1 2> e i3k Fe(1D)
S, FFEANURIER T RCE ST RS A A I[17] . TR 2834 )5 B 8 /2 — S LA L BR B I R
LHNYE N TR, ERECRES T, KoK PR BACRER Eh1E v i 72 AKIEJF N HoS, BEA 32
Bk R IR £ 18] -

lr [ Pseudomonadota:36.05%
e — Ignavibacteriota:33.28%
W Chioroflexota:10.34%
0.8F - B Thermodesulfobacteriota: 7.42%
Bacteroidota:2.74%
0.6k B Bacillota:2.05%

Campylobacterota:1.73%
norank _d__Bacteria:l.04%
04} W others:5.35%

02F

0

Figure 11. Relative abundance plot at the phylum level

B 11 KPR FEE

DOI: 10.12677/aep.2026.162016 155 N RI R Y


https://doi.org/10.12677/aep.2026.162016

M norank f PHOS-HE36:33.11%
Ferritrophicum:12.69%
osk Thiobacillus:11.61%
Anaerolineaceae:5.56%
W Desulfatirhabdium:5.33%
06 M Rhodocyclaceae:3.55%
W Ottowia:3.39%
W Dissulfurimicrobium:2.58%
04r W vadinHA17:1.30%
M others:20.88%
02f
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Figure 12. Relative abundance diagram of the genus level
12. BKFHEMNFEEE

4, &5ig

DA BRAT RO GRS [R] LA 9 BRI A8 & B 75 RS R 48, 1EAC AR C/N 15 /KR ILH R4 I PERE -

(1) FEEAER HRT W80, &2 BRI U RE AT FEAK, BRIREEA 101 AL RIF35 B 2
&, £ HRT 4 4 H B, NO; LFr#FiAF] 92.51%. S EMIEA RN pH 4EREE R —BEARIEEAN, XF
pH BT —EMZMIER, SOT A& MEEHRD, MIE 11 W rFdEmEi s, SHENCRBIEL,
HRT AR TP PR R AT R, B RN T, TP LBRFEEH T & .

(2) BE#E NOZKFERITHE, KR pH BIFEARIREZHE X, SEMIEN pH FRE /e R —miR |, it
—BIGE T E A WMEN T pH FIZMAR. NO; ZFRFRZH MG, L1 KRR LRRI &R, 1F
NO; ¥R A 10 mo/L I, T¥)EBRFRIAF] T 91.9%. 1A %R SOF MAEREZH i, Bl 1:1 1T
i, SMERCRBIE . TP LR E NO; I F = 2 K -

(3) mIBENFRH, 1TKF B EZETTERF AL TER ] BT S W IR BT, b
B2 87.09%. JEAKF L, iH IR L EE(horank_f__PHOS-HE36) M+ %, /&%) 33.11%, %tk
B J& (Ferritrophicum) 4, i £ 12.69%.

B O

BWFH AN BRI RSB, $RAL 06 583 (R SLIR AR AF, BT Sl 2 )
B HREL M SR HEA. BREE. . B, HE.

E&WMAE
JTVEE R TR (FERE AB25069511)
SE 3k

[11 24, mET, B, % AR 3R A T 2R EAIEE T i BT [I]. KER TR 2% %4k,
2023, 63(5): 454-462.

[21  ZErHr, ARO8, SRR, AE. IR AT SR A T BT TE T i B B SR SR M F T E R [I]. R AR,

DOI: 10.12677/aep.2026.162016 156 IR AT


https://doi.org/10.12677/aep.2026.162016

(3]

(4]

(5]
(6]

[7]

(8]

(9]

[10]

[11]
[12]

[13]

[14]
[15]

[16]

[17]

(18]

2025, 45(12): 6617-6630.

Liu, Y., Wang, H., Sun, Y., Cheng, H., Lu, S. and Wang, A. (2023) Application of the Sulfur-Siderite Composite Filler:
A Case Study of Augmented Performance and Synergistic Mechanism for Low C/N Wastewater Treatment in Con-
structed Wetland. Chemical Engineering Journal, 475, Article ID: 146376. https://doi.org/10.1016/j.cej.2023.146376

TRERE, FARERS, KRR, S5 HRT XEREEEN A IR RGBT R[], TolbykALEE, 2022, 42(11): 177-
183.

XUFCHS, BRI, 2R, 5. -2k 86 BRHG Lox MG Z 2R 7R 0], Kb HHAR, 2025, 51(3): 141-
146.

Sun, Y., Zhu, L., Zheng, K., Qian, Z., Cheng, H., Zhang, X., et al. (2024) Thermodynamic Inhibition of Microbial Sulfur
Disproportionation in a Multisubunit Designed Sulfur-Siderite Packed Bioreactor. Environmental Science & Technology,
58, 4193-4203. https://doi.org/10.1021/acs.est.3c06120

sifRAE, XJaH, BRERK, 5. AEVIRXEE B IR TR 5K KR m[I]. PR TRE R R %
i, 2025, 15(2): 559-571.

F B, BB -BREE b R B RSO R P IR R BR ATy S LA SE[D]: [ 2 At 3], B a B RURE,
2019.

Li, R., Niu, J., Zhan, X. and Liu, B. (2013) Simultaneous Removal of Nitrogen and Phosphorus from Wastewater by
Means of Fes-Based Autotrophic Denitrification. Water Science and Technology, 67, 2761-2767.
https://doi.org/10.2166/wst.2013.200

TLARAR, ¥ME, b5, . B B 7= A R e AL ¥R AR AL K R BRI [3]. FR8R A 544, 2025, 19(5): 1259-
1270.

BRISUE, BRMG, 2R, & B AR EAR KR AT R RE]. S EZ7KHEK, 2025, 41(8): 22-31.

Sun, J., Li, H., Dong, H., Liu, L., Zhou, C., Du, Z., et al. (2025) Magnetite-Augmented Sulfur-Siderite Autotrophic
Denitrification: Deep Nitrogen Removal at Ultra-Low HRT from Lab to Pilot Scale. Water Research, 284, Article ID:
124034. https://doi.org/10.1016/j.watres.2025.124034

Pu, J., Feng, C., Liu, Y., Li, R., Kong, Z., Chen, N., et al. (2014) Pyrite-Based Autotrophic Denitrification for Remedi-
ation of Nitrate Contaminated Groundwater. Bioresource Technology, 173, 117-123.
https://doi.org/10.1016/j.biortech.2014.09.092

KER, £5. MRE Bardenpho T Z A A TETG /K IR 40T [I]. S 516 T, 2016, 39(12): 143-147.

HEL, FA4, B, % ASFEAL S X R 7 5 A A A S M RN Sh BE R T ek R[], R R IR 53R
B4R, 2021, 38(4): 537-544+532,

Zayk, B, RS S P EEYE EE0 VR B SO EBRBEERE[D]. [T PURMY, 2024, 31(4): 788-
796.

Wang, S., Dai, B., Wang, Z., et al. (2025) SO Powder as Biofilm Carrier and Electron Donor Enhances Autotrophic
Nitrogen Removal in Sulfur-Driven Partial Denitrification Coupled with Anammox. Bioresource Technology, 442, Ar-
ticle ID: 133707.

Qi, R., Tang, M. and Chen, Y. (2025) Direct Interspecies Transfer Modulated Chromium(VI) Reduction by Coculture
Inorganic SOB-SRB. Journal of Environmental Chemical Engineering, 13, Article ID: 115931.
https://doi.org/10.1016/j.jece.2025.115931

DOI: 10.12677/aep.2026.162016 157 AR ATHT


https://doi.org/10.12677/aep.2026.162016
https://doi.org/10.1016/j.cej.2023.146376
https://doi.org/10.1021/acs.est.3c06120
https://doi.org/10.2166/wst.2013.200
https://doi.org/10.1016/j.watres.2025.124034
https://doi.org/10.1016/j.biortech.2014.09.092
https://doi.org/10.1016/j.jece.2025.115931

	复合硫源自养反硝化脱氮性能研究
	摘  要
	关键词
	Study on Nitrogen Removal Performance of Composite Sulfur-Based Autotrophic Denitrification
	Abstract
	Keywords
	1. 引言
	2. 实验材料与方法
	2.1. 实验材料
	2.2. 试验用水与接种污泥
	2.3. 实验装置与方法

	3. 结果与分析
	3.1. HRT的变化对于自养体系的影响
	3.1.1. HRT变化对于pH的影响
	3.1.2. HRT变化对于脱氮性能的影响
	3.1.3. HRT变化对于的影响
	3.1.4. HRT变化对于TP的影响

	3.2. 浓度的变化对于自养体系的影响
	3.2.1. 变化对pH的影响
	3.2.2. 变化对脱氮性能的影响
	3.2.3. 变化对的影响
	3.2.4. 变化对TP的影响

	3.3. 微生物菌群结构分析

	4. 结论
	致  谢
	基金项目
	参考文献

